Abstract To date, little is known either about the physical interactions of heat shock protein 10 (Hsp10) with other proteins within the cell or its involvement in signal transduction pathways. Hsp10 has been considered mainly as a partner of Hsp60 in the Hsp60/10 protein folding machine. Only recently, Hsp10 was reported to interact with proteins involved in deoxyribonucleic acid checkpoint inactivation, termination of M-phase, messenger ribonucleic acid export, import of nuclear proteins, nucleocytoplasmic transport, and pheromone signaling pathways. At the same time, Hsp10 expression can be up-regulated in cancer cells, because it accumulates as the cell transformation progresses. Recent data suggest that Hsp10 may be not only a component of the folding machine but also an active player of the cell signaling network, influencing cell cycle, nucleocytoplasmic transport, and metabolism, with putative roles in the lack of cell differentiation and in the inhibition of apoptosis. In this review, we revise the involvement of Hsp10 in signal transduction pathways and its possible role in cancer etiology.
INTRODUCTION
To date, heat shock protein 10 (Hsp10) (HSPE1, CPN10, GROES, HSP10) has been considered only as a partner of Hsp60 in the Hsp60/10 protein folding machine. The chaperonin complex structure was elucidated at high resolution, providing data for functional analysis (Xu et al 1997) , and detailed descriptions of the chaperonin-mediated folding cycle have also been proposed (Bukau and Horwich 1998; Walter and Buchner 2002) . The Hsp60/10 complex is believed to be responsible for accelerating the folding of polypeptides imported into mitochondria, as well as reactivation of denaturated proteins, and diminishing aggregation of nonnative polypeptides and partially unfolded kinetically trapped intermediates. Its potential to smooth the energy landscape necessary for the folding and to prevent intermolecular interactions between nonnative polypeptides has been widely investigated (Ziemienowicz et al 1993; Weissman et al 1995; Bukau and Horwich 1998; Brinker et al 2001; Walter and Buchner 2002) .
Hsp10 has been proven to be an essential component of the protein folding apparatus. Indeed, Hsp10 participates in protein complexes assembly and intra-mitochondrial sorting (Hohfeld and Hartl 1994) . Hsp10 binds Hsp60 in the presence of Mg-adenosine triphosphate and suppresses the adenosine triphosphatase (ATPase) activity of the latter. It also participates in the encapsulation of the substrate. The molecular mechanism of Hsp10 chaperone action has been examined (Richardson et al 2001; Gomez-Puertas et al 2004) and functional analyses have proven the necessity of both chaperonins for the biogenesis of mitochondria (Ryan et al 1997) .
MANY FACES OF Hsp10
Hsp10 is encoded by a nuclear gene (GeneID, 3336; gene map locus, 2q33.1), translated in the cytoplasm, and transported into mitochondria (Hansen et al 2003) . Although in normal cells Hsp10 is mostly localized in the mitochondrial matrix, it has also been found in other subcellular localizations, such as zymogene granules, hormone granules, secretory granules, and mature red blood cells (Sadacharan et al 2001) . High levels of Hsp10 in the cytoplasm of cancer cells have been reported in the past (Sadacharan et al 2001; Cappello et al 2003a Cappello et al , 2003b ; Han- (Ross et al 2000) .
sen et al 2003) (Fig 1) . The mechanism by which Hsp10 is retained or sequestered in the cytoplasm is not known yet. It could be hypothesized that Hsp10 is accumulated in the cytoplasm directly after the translation or that first it enters into the mitochondria and it is then translocated back into the cytoplasm. Also, Hsp60 has been shown to be overexpressed and localized in the cytoplasm of cancer cells (Cappello et al 2003b (Cappello et al , 2005 . Nevertheless, Hsp60 may also be down-regulated during bronchial (Cappello et al 2005) and vesical (Cappello et al 2006) carcinogenesis. The finding of a discrepancy between Hsp60 and Hsp10 expression in normal (Cappello et al 2004) and tumoral (Cappello et al 2003c) cells permits the postulation that Hsp10 may play other roles apart from cochaperonin. The first nonfolding Hsp10 activity to be identified was relative to the function of the early pregnancy factor (EPF) (Summers et al 1998) . EPF was identified in 1974 as a factor associated with pregnancy serum, which was active in the rosette inhibition test (Morton et al 1974) . Since then, it was characterized to enter the serum and urine of pregnant women during the first and second trimesters (Morton et al 1977) and to be the principal immunosuppressive agent during pregnancy . Recently, EPF has been shown to be an extracellular homolog of the heat shock protein, Cpn10 (Summers et al 1996; Morton 1998) . Further experiments have shown that Cpn10 is a potent stimulator of osteoclast recruitment and bone resorption (Summers et al 1996; Meghji et al 1997; Morton 1998) . Interestingly additional studies of other heat shock proteins have found that most of the chaperones (groEL, groES, dnaK, and human hsp27, hsp70, and hsp90) are capable of eliciting a bone-resorptive response (Nair et al 1999) . In addition to contributing to bone resorption, Hsp10 was also suggested to have a role in bone collagen synthesis (Black et al 2000) , because type I collagen synthesis is significantly increased when osteoblasts are treated with Cpn10 (Mansell et al 2002) .
EPF has also been shown to suppress the delayed-type hypersensitivity response in mice as well as acute and chronic forms of experimental autoimmune encephalomyelitis in rats and mice. In a human model, it has been shown that EPF binds specifically to CD4 ϩ , CD8 ϩ , CD14 ϩ (monocytes), and CD56 ϩ natural killer cells, and its suppressive effects are driven by inhibition of CD4 ϩ T cell activity (Athanasas-Platsis et al 2004) . At the same time, EPF is known to stimulate the proliferation of many different cells . Hsp10 immunosuppressive activity was also detected in sera of ovarian cancer patients. Both sera and ascites of patients with ovarian cancer contained Hsp10, whereas it was not detectable in controls. These sera, containing Hsp10, suppressed T cell CD3-expression, a key component of T cell activation. Moreover, this phenomenon correlated with Hsp10 levels. When Hsp10 was removed from the sera, the serum ability to suppress CD3-was diminished but the immunoprecipitated material was capable of suppressing CD3-. The authors suggested that Hsp10 may be a critical factor in the suppression of T cell activation, allowing the tumor to escape immune surveillance (Akyol et al 2005) .
In studies on liver regeneration after partial hepatectomy, Hsp10-EPF was found in large amounts in serum 8 hours after the surgery. If Hsp10 was neutralized with antibodies (passive immunization), a significant decrease in the uptake of [ 3 H]thymidine by the liver remnant measured 4 to 6 hours later was reported. It was proposed that EPF is selectively released from proliferating cells and, in an autocrine or paracrine mode (or both), is involved in deoxyribonucleic acid (DNA) synthesis (Quinn et al 1994) . Moreover, Hsp10 has been defined as a potential significant marker in the diagnostics of gestational trophoblastic tumor. A clinical study has demonstrated that diagnosis of malignant trophoblastic tumor can be made with an accuracy of 91.3% by detecting Hsp10-EPF-like activity and that it can also be used as an indicator to distinguish benign from malignant trophoblastic tumor (Fan et al 1999) .
EPF has also been characterized as a marker of other types of trophoblastic tumor (invasive mole and choriocarcinoma) (Bojahr et al 1993a) , endodermalsinus tumor of the ovary, and rhabdomyosarcoma, as well as adrenal cortex carcinoma (Bojahr et al 1993b) , ovarian cancer (Akyol et al 2005) , and germ cell tumor of the testis (Rolfe et al 1983) .
The production of EPF by a variety of cultured transformed and tumor cell lines, of both germ and non-germ cell origin has been reported (Quinn et al 1990; Akyol et al 2005) . Hsp10 production has been found to be associated with cell division, because it was no longer detected after growth arrest or differentiation. Moreover, coculture of tumor cells with increasing doses of anti-EPF monoclonal antibodies resulted in a significant, dose-dependent decrease in the rates of cell growth and viability (Quinn et al 1990) . Further neutralization studies with monoclonal antibodies specific for EPF have shown that these antibodies are able to limit the growth of 2 murine tumor lines. Tumors injected with anti-EPF showed significant decrease in the uptake of [ 3 H]thymidine into tumor tissue, and the titration of sera for active EPF showed that a significant reduction in the EPF titer was associated with a significant inhibition of tumor DNA synthesis. It has also been demonstrated that neutralization of EPF retards tumor growth both in vitro and in vivo .
Although many clinical studies have been reported, to date little is known either about the physical interactions of Hsp10 with other proteins within the cell, or its involvement in signal transduction pathways. Most of the literature describes a well-known interaction between Hsp10 and Hsp60 in a barrel-like structure chaperone machine involved in protein folding (Ryan et al 1997; Bukau and Horwich 1998; Brinker et al 2001) . This interaction has been widely studied in Escherichia coli, Saccharomyces cerevisiae, and human cells (Ranford et al 2000; Walter and Buchner 2002) . Hsp10 has been reported to interact with nuclear pore complex proteins such as NUP2 (ylr335w) or PSE1 (ymr308c), but also to interplay with both a guanine triphosphate-binding protein of the Ras superfamily involved in termination of M-phase-TEM1 (yml064c) and a protein phosphatase involved in DNA checkpoint inactivation-PTC3 (ybl056w) ( Table 1) (Uetz et al 2000) . In a recent analysis by Stelzl et al (2005) , new interactions of Hsp10 in human cells have been reported. The first protein shown to interact with Hsp10 is CRMP1 (DPYSL1) hihydropyrimidinase related protein-1. Collapsin response mediator protein 1 is involved in nervous system development and also in nucleobase, nucleoside, nucleotide, and nucleic acid metabolism (Hamajima et al 1996) . The other protein is ERG28 (hspc288), an integral membrane protein localized in endoplasmic reticulum, involved in lipid synthesis, steroid biosynthesis, and sterol biosynthesis. ERG28 is a ubiquitous protein, strongly expressed in testis and some cancer cell lines (Veitia et al 1999) . The third protein identified by Stelzl is APLP1 (amyloid precursor-like protein 1), which may play a role in postsynaptic function and which possibly interacts with cellular G protein signaling pathways and can regulate neurite outgrowth through binding to components of the extracellular matrix such as heparin and collagen. Its ␥-ctf peptide, c30, is a potent enhancer of neuronal apoptosis (Kajkowski et al 2001) . Another protein reported to interact with Hsp10 is TLE1-transducin-like enhancer protein 1, a transcriptional corepressor that binds to a number of transcription factors, inhibits NF-B-regulated gene expression, and inhibits the transcriptional activation mediated by WNT signaling (Levanon et al 1998) . TLE 1 is located in the nuclei where it is chromatin-associated and interacts with histone H3 (Palaparti et al 1997) . This protein was reported to be involved in signal transduction and organ morphogenesis (Liu et al 1996) . The last protein associated with Hsp10 is SAT1-diamine acetyltransferase 1 (EC 2.3.1.57), a spermidine/spermine N 1 -acetyltransferase-1, putrescine acetyltransferase, and Subunit of the nuclear pore complex (NPC) that is localized to both sides of the pore; contains a repetitive GLFG motif that interacts with mRNA export factor Mex67p and with karyopherin Kap95p; homologous to Nup100p.
MDG1
Plasma membrane protein involved in G proteinmediated pheromone signaling pathway; overproduction suppresses bem1 mutations.
SRP1
Karyopherin ␣ homolog, forms a dimer with karyopherin ␤ Kap95p to mediate import of nuclear proteins, binds the nuclear localization signal of the substrate during import; may also play a role in regulation of protein degradation.
NUP2
Protein involved in nucleocytoplasmic transport, binds to either the nucleoplasmic or cytoplasmic faces of the nuclear pore complex depending on Ran-GTP levels; also has a role in chromatin organization.
PSE1
Karyopherin/importin that interacts with the nuclear pore complex; acts as the nuclear import receptor for specific proteins, including Pdr1p, Yap1p, Ste12p, and Aft1p.
CRMP1
Protein involved in nervous system development, nucleobase, nucleoside, nucleotide and nucleic acid metabolism.
ERG28
Endoplasmic reticulum-bound protein involved in lipid synthesis, steroid biosynthesis, sterol biosynthesis.
APLP1
Protein that may interact with cellular G protein signaling pathways, regulate neurite outgrowth through binding to components of the extracellular matrix such as heparin and collagen; involved also in apoptosis, cell adhesion, and endocytosis. TLE1
Protein involved in signal transduction, organ morphogenesis, regulation of transcription, Wnt receptor signaling pathway, and interacts with histone H3.
SAT1
Enzyme that catalyzes the acetylation of polyamines; also involved in the regulation of polyamine transport out of cells.
polyamine N-acetyltransferase 1, an enzyme that catalyzes the acetylation of polyamines. This highly regulated enzyme allows a fine attenuation of the intracellular concentration of polyamines and is also involved in the regulation of polyamine transport out of the cells (Xiao et al 1992) . Its induction was found in human large cell lung carcinoma (Casero et al 1990) . The expression of SAT is regulated by a number of factors, including the natural polyamines and their analogs. The phenotype-specific cytotoxicity that occurs in response to a class of polyamine analogues, the diethylpolyamines, is associated with a phenotype-specific superinduction of SAT in human nonsmall-cell lung carcinomas, whereas in nonresponding cell types, including the small-cell lung carcinomas, the superinduction of SSAT does not occur (Xiao and Casero 1996) . All interactions reported by Stelzl do not provide a straightforward explanation for the function of Hsp10, because the functional and structural significance of the reported interactions have not been provided. Nevertheless, Hsp10 action on nonmitochondrial proteins may suggest new functions, outside of the organellum (Stelzl et al 2005) . Two recent reports by Lin et al suggest interaction of human Hsp10 with Ras guanine triphosphatase (GTPase) pathway in myocyte protection after ischemia/reoxygenation insult (Lin et al 2004) . This is consistent with previously reported interaction of S cerevisiae Hsp10 with TEM1 (yml064c) (Uetz et al 2000; Lin et al 2004) . At the same time, the process of apoptosis following heart muscle hypoxia/reoxygenation has been widely studied. A prominent role has been attributed to Bcl-2/Bax proteins, reactive oxygen species, and mitochondria, but also Janus kinase/signal transducer and activator of transcription and mitogen-activated protein kinase cascades have been recognized as key players in this process (Fryer et al 2001; Gill et al 2002; Krijnen et al 2002) . Taking together the Hsp10 and hypoxia reports, it is tempting to postulate the interference of Hsp10 with signaling pathways, playing a crucial role in antiapoptotic protection (Fig 2) , which is supported by the involvement of Hsp10 in postischemic cell viability.
HSPs have been proven to have the potential of inhibiting apoptosis and arresting it even if the process is already activated, also in myocardial muscle after hypoxia (Kabakov and Gabai 1997; Preville et al 1999) . Most of the research in this field has been focused on Hsp70 and small Hsp families. Hsp72 has been proven to inhibit apoptosis by acting downstream of caspase-3, apoptotic protease activating factor 1 binding, and preventing c-Jun N-terminal kinase activation or inhibiting apoptosis-inducing factor (AIF)-mediated apoptosis, and many others (Gabai et al 1998; Jäättelä et al 1998 Jäättelä et al , 1999 Creagh et al 2000) . At the same time, Hsp27 has been shown to protect against programmed cell death triggered by Fas/Apo-1/ CD95 death receptor, oxidative stress, or staurosporine, due to its cytoprotective potential and capacity to prevent apoptosome formation, cytochrome c sequestration, and interference with caspase-3 action (Jäättelä 1999; Jolly and Morimoto 2000; Parcellier et al 2003) . Overexpression of those proteins has been proven to reduce apoptosis. To date, little attention has been given to the Hsp60/Hsp10 complex in this context. It has only been proven that combined and individual overexpression of chaperonins may protect cells from ischemia-reoxygenation induced cell death. It has also been shown that Hsp10/60 accumula- In the myocardium of patients with chronic atrial fibrillation, the expression of the mitochondrial heat shock proteins Hsp60 and Hsp10 is increased (Schafler et al 2002; Kirmanoglou et al 2004) ; similar to what happens in the brainstem after subarachnoid hemorrhage (Satoh et al 2003) . It has been elucidated that myocyte protection by Hsp10 involves the mobile loop and attenuation of the Ras GTPase pathway (Lin et al 2004) . This result is consistent with Hsp10-TEM1 (yml064c) interaction in yeast (Ito et al 2001) . Hsp10 overexpression has been shown to inactivate Raf, extracellular signal-regulated kinase (ERK), and p90Ribosomal kinase (p90RSK), which is followed by increased capacity of electron transport chain complex I and preservation of complex I and II function (Lin et al 2004) . Raf and ERK are signaling proteins involved in the execution of the growth factor stimulation of the cells-the Ras/Raf/MEK (mitogen-activated protein kinase) also called ER kinase or ERK. This is the pathway that lies at the heart of the signaling networks that govern proliferation, differentiation, and cell survival. Raf is a Ser/Thr protein kinase that catalyzes the phosphorylation of hydroxyl groups on specific Ser and Thr residues (Chong et al 2003) . Phosphorylated (active) Raf activates in turn mitogen-activated protein kinase (MAPK)/ERK kinase 1 (MEK1) that activates another protein known as MAPK1 or the MAP kinases ERK1. Upon phosphorylation, nuclear translocation of ERK1 and ERK2 is critical for both gene expression and DNA replication induced by growth factors. In the nucleus, ERK phosphorylates an array of targets, including transcription factors and a family of RSK-related kinases, the mitogen-and stress-activated protein kinases (MSKs) (Deak et al 1998) . This pathway is also involved in maintaining cell survival by modulating the activity of apoptotic molecules including Bad and Bcl-2 (Chang et al 2003a) . Depending on the stimulus and cell type, this pathway may transmit signals, which result in the induction of apoptosis or cell survival. This is a complex pathway comprised of multiple members of the kinase and transcription factor families that heterodimerize to transmit different signals. Furthermore, additional signal transduction pathways interact with the Raf/MEK/ERK pathway to regulate positively or negatively its activity, and Hsp10 seems to be one of these molecules, inhibiting the proapoptotic activity and shifting the balance towards cell survival (Lin et al 2001; Chang et al 2003b; Lin et al 2004) (Fig 2) .
Additionally, it has been demonstrated that Hsp10 and Hsp60 modulate the Bcl-2 family and mitochondria apoptosis signaling in cardiac muscle cells. According to the studies of Shan and colleagues, the overexpression of Hsp10 increases the abundance of antiapoptotic Bcl-2 and Bcl-xl (Bcl-x protein long isoform), reduces the protein content of the proapoptotic Bax (Bcl-2-associated X protein), but does not alter the expression of Bad (Bcl-2 antagonist of cell death); the overexpression of Hsp10 and Hsp60 stabilizes mitochondrial cross-membrane poten-tial, inhibits caspase-3, and suppresses poly(5Ј-diphosphate-ribose) polymerase (Shan et al 2003a) (Fig 2) .
In the past, we and others have reported the overexpression of Hsp10 in a variety of tumors and pretumoral lesions, such as large bowel cancer and exocervical cancer (Cappello et al 2003a) , prostate cancer (Cappello et al 2003c) , and mantle cell lymphoma (Ghobrial et al 2005) (Figs 1, 3) . Also, the localization of the protein differs between normal and cancer cells. In normal cells, Hsp10 is mostly localized in the mitochondrial matrix, whereas tumor cells present a high accumulation of Hsp10 within the cytoplasm. The role of Hsp10 retained in the cytoplasm is not known yet. We postulate that Hsp10 influences the process of programmed cell death. Indeed, only a few papers discuss the possible involvement of Hsp10 in apoptosis. A first insight into this topic came from the research by Samali et al (1999) , who demonstrated an interaction of the Hsp60/10 machine with procaspase-3 in the mitochondria of Jurkat cells and the disruption of this complex when active caspase fragments are released from the intermembranous space of mitochondria, which is followed by the execution phase of cell death. This supports the hypothesis that Hsp60/10 interaction could determine acceleration of caspase-3 maturation (Samali et al 1999) (Fig 2) .
The possibility that Hsp10 could influence the function of signaling proteins is further supported by the study of Shan et al (2003b) . In their work, the authors report that Hsp10 acts through posttranslational modification. Overexpression of Hsp10 or Hsp60 is shown to increase the abundance of insulin-like growth factor 1 receptor (IGF -1R) and IGF-1-stimulated receptor autophosphorylation, therefore increasing the number of functioning receptors and amplifying activation of IGF-1R signaling. IGF-1 stimulation of MEK, Erk, p90Rsk, and Akt were accordingly amplified under those conditions. Their experiments also showed that Hsp10 and Hsp60 suppressed polyubiquitination of IGF -1 receptor (Shan et al 2003b) . Finally, neuronal vesicular cell trafficking and synaptic plasticity also up-regulate Hsp10 expression (Khawaja et al 2004) . Once again, all these data suggest that Hsp10 acts by 2 distinct mechanisms, not only as a molecular chaperone involved in protein stabilization and folding but also as a modulator of proteins in signaling cascades. At the same time, not only proteome analyses have shed new lights on the Hsp10 expression and function but also transcription initiation studies have shown that Rpm2p, a component of yeast mitochondrial ribonuclease P, acts as a Hsp10-transcriptional activator in the nucleus (Stribinskis et al 2005) . All the data reported herein seem to confirm that Hsp10 is not only a passive component of folding machine but also an active player of cell signaling network, influencing cell cycle, nucleocytoplasmic transport, and metabolism (Table 1) .
CONCLUSION
Our data as well as experiments conducted by other research groups (Ross et al 2000; Shan et al 2003b; Ghobrial et al 2005) show that Hsp10 expression is up-regulated in cancer cells. Hsp10 accumulates as the cell transformation progresses, as confirmed by immunohistochemistry, proteomic analysis by protein microarray, and RNAchip technologies. The abundance of Hsp10 in nondifferentiated cancer cells may suggest that it abrogates differentiation, or inhibits apoptosis. Despite this mechanism, it also seems that Hsp10 overexpression promotes clonal evolution. Hsp10 positivity is selective for myeloid and megakaryocytic lineages. The positivity is restricted to precursor cells, whereas mature elements are constantly negative (Cappello et al 2004) . Moreover, Hsp10 and Hsp60 are not expressed at stechiometric levels in cells (Fig 3) , although the most prominent action of Hsp10 on ATPase activity of the Hsp60 protein is seen at a 1:1 molar ratio (Chandrasekhar et al 1986) . Collected data (Fig 3) might indicate that Hsp10 is overexpressed in cancer cells at a higher rate than Hsp60 and might play a role apart from its protein folding partner. In the light of this, it becomes possible to postulate that Hsp10 plays another role in cell life and death, not only as a chaperone. The data reported here encourage further investigations in this field. We suggest that the cellular function of Hsp10 is not restricted to mitochondrial protein folding and may conceal an important role in diverse cellular processes. The recognition of Hsp10 involvement in signal transduction pathway may be important in understanding chaperonin involvement in cellular biology as well as cancer etiology.
